Among different dispersants of single-walled carbon nanotubes (SWCNTs), conjugated organic oligomers have the ability to interact strongly with SWCNTs and allow for effective dispersion in several organic solvents. Recently, we have carried out two computational investigations on the intermolecular interactions between conjugated organic oligomers and SWCNTs in order to gain insight into an important process of the non-covalent dispersion of carbon nanotubes with short oligomers. These studies highlighted the fact that two additional factors, namely, the effects of the solvent and the carbon nanotube's size on these interactions need further investigation. In this work, with the help of model compounds (which are molecular fragments of the short oligomers used in our previous investigations), we analyze the significance of these two factors. We employ three dispersion corrected density functional theory (D-DFT) approximations (B97D, wB97XD, and B3LYP-D3) to assess the effect of the DFT method, and two basis sets (6-31G(d) and 6-31++G(d,p)) to assess the importance of using a higher basis set in our computations. The main focus of this work is to assess the effect of solvation and nanotube's size on the structure, electronic properties, and binding energies of the respective pairs of model compounds and segments of carbon nanotubes. No significant differences are found between the results of (6,5) and (8,7) SWCNTs in either the geometrical parameters of interacting oligomers or the general tendency of wrapping of their long side chains (SCs) around the nanotubes. However, we find that the binding energies per atom between nanotubes and model compounds are larger for nanotubes with the smaller diameter. The results of electronic properties also show that all model compounds interact more strongly with the (6,5) SWCNT than with the (8,7) SWCNT. Polar solvents such as chloroform show lower binding energies relative to those obtained without a solvent or with non-polar solvents such as hexane. It appears that the presence of a solvent weakens the oligomer/nanotube interactions and, presumably, strengthens the oligomer/solvent and nanotube/solvent interactions to facilitate dispersion of SWCNTs.
Introduction
Over the last decades, a vast amount of research activities has been devoted to carbon nanotubes (CNTs) as a consequence of their superb structural, thermal, mechanical, electrical, and optoelectronic properties.
1-10 Accordingly, CNTs are deemed to be novel candidates for a wide range of application in materials science, 11 optics, 12 electronics, 13 medicine, 14 and biotechnology. 15 Unfortunately, the extremely poor solubility of CNTs in all types of solvents limits the applicability of as-produced CNTs in many areas.
2 This is due to the large number of p-p and van der Waals interactions that cause as-produced CNTs to assemble and form bundle-or rope-like structures. 5 Therefore, dispersion of CNTs is essential for their application and successful utilization of their unique properties. 3, 9 Covalent and non-covalent functionalization of nanotubes with dispersants are the two commonly used methods to disperse CNTs. 3, 16, 17 The non-covalent method is preferable as it does not alter the sp 2 hybridization of carbon atoms in CNTs and retains their unique properties.
that phenylene ethynylene and phenylene vinylene oligomers endcapped with dithiafulvenyl (DTF) groups interact strongly with single-walled CNTs (SWCNTs) and act as good dispersants. 20, 21 They also showed that tetrathiafulvalene vinylogue uorene co-oligomers interact with SWCNTs but not as strong as phenylene ethynylene and phenylene vinylene oligomers. 22 In their work, the dispersion outcomes are highly solventdependent as the studied DTF-oligomers effectively disperse SWCNTs and form stable black suspensions in chloroform and less effectively in methylene chloride whereas in chlorobenzene, toluene, and hexane no effective dispersion is obtained.
20,22
Furthermore, they found that the DTF group is a decisive factor in the dispersion of SWCNTs with studied p-conjugated oligomers by conducting a comparative study with respective oligomers endcapped with aldehyde (ALD) groups. In contrast to DTF-oligomers, no effective dispersion on SWCNTs was observed when ALD-oligomers were used. 20 In our previous work on the interactions of SWCNTs with pphenylene ethynylene oligomers (OPEs) 23 and diphenyleneuorene oligomers (DPFs), 24 we showed that oligomers endcapped with DTF interact more strongly with SWCNTs than respective oligomers endcapped with ALD, therefore, the presence of the electron-donating DTF group in the oligomers is of great importance to SWCNT dispersion. We also pointed out that the oligomers backbones and side chains (SCs) play important roles in the effectiveness of OPEs and DPFs as dispersants for SWCNTs. Furthermore, our ndings clearly revealed that DPFs are not as good dispersants of SWCNTs as OPEs. These computational ndings agree well with experimental results.
20-22
In the experimental work, [20] [21] [22] the commercially available HiPCO (high-pressure carbon monoxide) SWCNTs with a diameter rage of $0.75-1.2 nm were used, and found to be dispersed effectively by oligo(OPE-DTF)s (but less effectively by oligo(DPF-DTF)s). The relatively large molecular sizes of both oligo(OPE-DTF)s and oligo(DPF-DTF)s facilitated the dispersion of HiPCO nanotubes with a range of chiral indices {(6,5), (7, 5) , (7, 6) , (8, 3) , (8, 4) , (8, 6) , (8, 7) , (9, 4) , (9, 5) , (10, 2) and (10,3)} corresponding to diameter range of 0.75-1.05 nm. It has been found that the dispersion of HiPCO nanotubes by conjugated oligomers resulted in suspension that consisted mainly of nanotubes with (6,5), (7, 5) , and (7,6) chiral indices (with smaller diameters) mixed with relatively small proportion of some other nanotubes with chirality such as (8, 3) , (8, 4) , (8, 6) , (8, 7) , (9, 4) , (9, 5) , (10, 2) and (10,3) (with larger diameters). Among these carbon nanotubes, the (6, 5) tube is a signicant component as evidenced by vis-NIR data (absorption around 1000 nm, see Fig. 7A and B in ref. 22) . Our previous computations, 23,24 which involved pairs consisting of an OPE or DPF oligomer and a sizable segments of (6,5) SWCNT (diameter ¼ $0.75 nm), are very intensive and take a very long time to carry out even with 6-31-G(d) basis set.
In this study, our intention is to further assess the accuracy of the computations we performed in our previous work and to investigate the effect of solvation and nanotube's size on interactions between OPE and DPF oligomers and SWCNTs. To minimize our computational effort, we have carried out these additional calculations on smaller molecular subsystems (pairs) consisting of fragments of the OPE and DPF oligomers that contain SCs (see Fig. 1 ) and segments of (6, 5) 28, 29 and two basis sets (6-31G(d) and 6-31++G(d,p)). Although this work concentrates on studying the effect of solvation and nanotube's size on the interactions between the oligomers and SWCNTs, the effect of D-DFT method and basis set is also briey investigated. It is clear from our previous works, 23, 24, [30] [31] [32] that B97D and B3LYP-D3 methods are the most recommended for investigating properties of organic combinations at the interfacial region since they gave results that were consistent with experimental observations and/or trends. In this work, we have primarily employed the B97D method since it is less computationally intensive than the B3LYP-D3 (or wB97xD). We have also used B3LYP to determine the electronic structure energies of the molecular compounds and combinations as this method oen gives a good agreement (better than D-DFT methods) with the corresponding experimental values. 33 For the solvation's effect, chloroform and hexane are chosen as solvents since, in the experimental work, SWCNTs are effectively dispersed in chloroform while in hexane no effective dispersion was observed. We have chosen (representative) (6, 5) and (8,7) SWCNTs for studing the effect of nanotube's size because, as mentioned before, the (6,5) tube has the smallest diameter ($0.75 nm) among the mainly dispersed tubes {(6,5), (7, 5) , and (7,6)} in Zhao and co-workers work, 20, 22 whereas the (8,7) tube has the largest diameter ($1.04 nm) among the other nanotubes present in the suspension.
Computational details
All calculations are performed with Gaussian 16, Revision A.03 soware. 34 Geometry optimizations for all studies systems (i.e., isolated molecules and interacting molecules with nanotubes) are carried out using three dispersion (D)-corrected DFT (D-DFT) methods: B97D, wB97XD, and B3LYP-D3 and two basis sets: 6-31G(d) and 6-31++G(d,p). The hybrid B3LYP method with the two basis sets is also used to perform geometry optimizations for the three isolated molecules and the two nanotubes. The 6-31++G(d,p) basis set is only used with B97D and B3LYP methods to assess the basis set effect. The effect of solvation is investigated by employing the polarizable continuum model (PCM) 35 with chloroform and hexane as solvents. Geometries of all isolated molecular systems are fully optimized using the four DFT methods, while geometries of all interacting systems are partially optimized (by freezing the coordinates of the pre-optimized nanotube's geometries) using B97D, wB97XD, and B3LYP-D3. In addition, for comparison purposes, D-DFT binding energies are compared to those obtained using other post-HF methods such as MP2 (based on Møller-Plesset perturbation theory) by carrying out single-point (SP) computations using spin-component scaled MP2 (SCS-MP2) 36 and scaled opposite-spin MP2 (SOS-MP2) 37 with the 6-31G(d) basis set. The basis set superposition error (BSSE) is calculated by the counterpoise correction of Boys and Bernardi 38 using B97D, wB97XD, and B3LYP-D3 with 6-31G(d) basis set.
For the structural analysis, we select a relevant subset of heavy atoms in each molecule and tabulate the bond lengths (R), bond angles (A) and dihedral angles (D h ). The selected atoms and their numbering are shown in Fig. 1 . We perform the structural analysis for all studied systems. In the case of electronic analysis, we calculate electronic properties (i.e., HOMO and LUMO energies) for the isolated molecules only. Avogadro, version: 1.2.0 (ref. 39 ) is used to generate the initial geometries of (6, 5) and (8,7) SWCNTs. GaussView 6 (ref. 40 ) is used to generate the initial geometries of molecules and molecule/ nanotube combinations and to determine R, A, and D h for all molecular systems.
As in our previous works, 23, 24 to assess the strength of molecule/nanotube interactions, the binding energies (E b ) between studied molecules and SWCNTs are computed,
where E total , E SWCNT , and E molecule are the total electronic energies of the SWCNT bound with molecule, the isolated SWCNT, and the isolated molecule, respectively. Since we are dealing with nanotubes of different sizes, we determine binding energies per atom (E b per atom) for all combinations in order to normalize their total binding energies. The results are similar for all three D-DFT methods, hence, only B97D energies per atom are given in the paper. The E b per atom for each pairing is calculated by dividing the respective total E b by the number of atoms in a given SWCNT with which the molecular fragment interacts within the van der Waals distance. The van der Waals distances are calculated from van der Waals radii determined by Bondi in 1964 (ref. 42) as 2.90, 3.40, 3.22, and 3.50Å for C-H, C-C, C-O, and C-S respectively. We also calculate the difference between the LUMO energy of the acceptor (nanotube) and the HOMO energy of the donor (oligomer), i.e.,
give us an indication about the relative strength of intermolecular interactions between oligomers and nanotubes (in solvated and non-solvated phases), since according to the perturbation molecular orbital theory (PMO), 41 the smaller the value of D3 L A -H D the stronger the intermolecular interactions.
In addition to binding energies, the intermolecular distances (Dd) between the molecular fragments and nanotubes in combinations are calculated by taking the average of the minimum distances between atoms of each molecular fragment and each nanotube. That is, for every atom in the fragment, the minimum distance is found by considering Euclidean distances between the coordinate of that atom and coordinates of all atoms of the nanotube. Then having the minimum distances for every atom in the fragment, the average is computed.
Results and discussion
Three molecules which are referred to as FLU, DDTF, and BDOB (shown in Fig. 1 ) and two segments of (6, 5) and (8, 7) SWCNTs are considered in this study. These molecules are fragments of the OPE and DPF oligomers used in previous computational 23, 24 and experimental 20, 22 works. With regard to the applicability of the present, short model compound study, to the previous larger model 23, 24 investigations, we make the following comment. In Table 3 in ref. 23 , we showed that the binding (interaction) energy per benzene ring for OPEs is in the range of 0.55-0.77 eV depending on the end group of the given oligomer. Hence the binding energy scales well with the length of oligomer for the oligomers without side chains. When SCs are present, things are more complicated because the SCs contribution varies depending on their orientations relative to the nanotube. However, the analysis of the data in Table 3 (ref. 23) illustrates that the addition of two SCs adds a bit more than 1 eV to the total binding energy of the combination. These ndings are consistent with our current computational results for BDOB (fragment of OPE) which consists of one ring and two SCs, its estimated binding energy is approximately 1.6 eV which is in good agreement with 1.69 eV as found in this work (see below). Based on this example, we believe that the interaction energies scale relatively predictably with the size of the model compounds. Since, in our current paper, we consistently focus on the smallest units of the oligomers in question, we believe that our results/comparisons are applicable to the full length oligomers.
The optimized structures of isolated studied molecules and the segmental nanotubes as obtained using B97D/6-31G(d) in the gas phase are shown in Fig. 2 . The partially optimized geometries (front views) of interacting FLU, DDTF, and BDOB molecules with (6, 5) and (8,7) SWCNTs obtained using B97D/6-31G(d) are shown in Fig. 3 . For completeness, three different views (side, front, top) of these systems are given in Fig. S1 -S3 in ESI. † Below we discuss effects of the DFT method, basis set, solvation, and nanotube's size on the structural parameters (R, A, and D h ), electronic properties (i.e., HOMO and LUMO eigenvalues), and binding energies of the studied systems.
DFT method effect
Three D-DFT methods: B97D, wB97XD, and B3LYP-D3 are employed to fully optimize geometries of the isolated molecules and to partially optimize the geometries of interacting studied systems using 6-31G(d) basis set. In all interacting systems with all D-DFT methods, SCs in each molecule wrap themselves around the nanotubes and this wrapping is stronger in both DDTF and BDOB than it in the FLU ( Fig. 3 and S1-S3 in ESI †).
Selected structural parameters, for the isolated molecules and for the molecules interacting with (6,5) and (8,7) SWCNTs, as obtained using B97D, wB97XD, and B3LYP-D3 with 6-31G(d) basis set are given in Tables S1-S6 Table 1 ). As can be seen from this gure, all three methods give larger total binding energies for FLU, DDTF, and BDOB when interacting with the (8,7) SWCNT than with the (6,5) SWCNT. Fig. 5 also shows that the highest binding energies with (6, 5) and (8, 7) SWCNTs are obtained for DDTF with all three methods followed by BDOB and then FLU. Since the SCs of FLU do not strongly wrap around nanotubes, FLU has very small binding energies relative to DDTF and BDOB. For any given molecule, trends in binding energies are the same for the three methods with B97D giving the largest E b values followed by wB97XD and B3LYP-D3.
We have computed BSSE corrections to interaction energies for the three D-DFT functionals. These BSSE corrected results as well as the results for the three D-DFT functionals without BSSE corrections are given in Table 1 . With BSSE corrections, the binding energies in most cases are lowered by 0 to 0.2 eV (except in two cases involving wB97XD, the BSSE corrections slightly increase the binding energies). Most BSSE corrections are close to 0.1 eV. These results do not change our main conclusion that DDTF and BDOB interact more strongly with nanotubes than FLU and that the total binding energy is larger for (8,7) than for (6,5) SWCNT.
Also in Table 1 , we have included the interaction energies obtained using SCS-MP2 and SOS-MP2 methods. For SCS-MP2 and SOS-MP2 methods, the results illustrate that the total binding energies are lowered by 0.2 to 0.4 eV indicating that both MP2 approaches include fewer intermolecular interactions than D-DFT methods. Similar to BSSE corrections, these MP2 results do not change our main conclusion that DDTF and BDOB interact more strongly with nanotubes than FLU and that the total binding energy is larger for (8,7) than for (6,5) SWCNT. However, because fewer intermolecular interactions are included in MP2, the differences between the various total binding energies are considerably smaller for the MP2 than for the D-DFT methods (for example, for DDTF the differences between the binding energies corresponding to (8, 7) and (6, 5) SWCNTs are 0.01 eV for the MP2 in comparison to 0.1 eV for D-DFT methods).
HOMO and LUMO eigenvalues of isolated FLU, DDTF, and BDOB obtained using B97D, wB97XD, B3LYP-D3, and B3LYP with 6-31G(d) basis set in the gas phase are depicted in Fig. 6 . It is known that B3LYP produces results for HOMO and LUMO energies and their gaps in good agreement with experimental values. 33 As can be seen from Fig. 6 , B3LYP-D3 gives nearly the same HOMO and LUMO energies of the three isolated molecules as B3LYP since the dispersive forces do not change their geometries and electronic energies signicantly when the same main functional is used in both computations. Even in the case where we consider the effect of the dispersive forces more directly by computing (SP) B3LYP//B3LYP-D3/6-31G(d) HOMO and LUMO eigenvalues of the interacting model compounds and comparing them with the B3LYP HOMO and LUMO eigenvalues of the isolated compounds, we nd small changes in their respective values (see Tables S16 and S17 †). Tables S16 and S17 † show that DDFT (fragment that contains the DTF end group) is affected the most by the dispersive intermolecular interactions (HOMOs are changed by approximately 0.2 eV and LUMOs by approximately 0.4 eV). In contrast to B3LYP-D3, the results of B97D and wB97XD are notably different from B3LYP results. In particular, as shown in Fig. 6 (a), B97D lowers LUMO energies for all molecules by $0.6 eV whereas wB97XD elevates these energies by $1.8 eV compared to B3LYP values. For HOMO energies as seen in Fig. 6(b) , the opposite trend is observed for all molecules. As a result, B97D underestimates HOMO-LUMO gaps for all molecules by $1.5 eV whereas wB97XD overestimates these gaps by $3.8 eV compared to the B3LYP (or B3LYP-D3) results. These differences between HOMO and LUMO eigenvalues are primarily due to differences between the DFT functionals and are not due to the inclusion of dispersive forces (since as noted above the dispersion does not affect the geometry of the compounds signicantly). These above observations regarding binding energies and electronic structures are consistent with our previous ndings. 23, 24 Hence, as mentioned in the introduction, for the computational expediency sake, we will only use the B97D method to study structural parameters and binding energies of the model compound/ nanotube combinations and B3LYP method to analyze their electronic properties for the remainder of this work.
Basis set effect
In order to investigate the effect of basis set on the studied systems, we perform calculations using B97D and B3LYP methods with both 6-31G(d) and 6-31++G(d,p) basis sets and compared their respective structural and electronic parameters and binding energies. In all cases of interacting molecule/ nanotube combinations with both basis sets, the wrapping of SCs of the FLU around the two nanotubes is not as strong as the wrapping of SCs of DDTF and BDOB as shown in Fig. 3 and S1-S3 in ESI. † To assess the effect of basis set on the geometries of isolated and interacting molecular systems more accurately, their selected structural parameters (R, A, and D h ) (given in Tables S1-S3 in ESI †) are examined. As before, the labelling of atoms is shown in Fig. 1 . The absolute differences between the respective structural parameters obtained using B97D/6-31G(d) and those using B97D/6-31++G(d,p) for the isolated and interacting molecules are listed in Tables S7-S9 in ESI. †  It can be seen from Tables S7-S9 (and Tables S1-S3 †) that both basis sets give results that are very close for all structural parameters (R, A, and D h ). The maximum absolute value differences between structural parameters obtained with B97D/ 6-31G(d) and those with B97D/6-31++G(d,p) are 0.005Å, 0.5 , and 2.1 for R, A, and D h , respectively. Based on these results, we conclude that both basis sets give very similar optimized geometries for all isolated studied molecules and SWCNTs (see Fig. 2 ) and for all molecule/SWCNT combinations (see Fig. 3 and S1-S3 in ESI †). Table 2 shows absolute values of total binding energies, E b (in eV), of the molecules with both (6,5) and (8,7) SWCNTs obtained using B97D with 6-31G(d) and 6-31++G(d,p) basis sets. For all interacting systems except for FLU/(6,5) SWCNT, the binding energies obtained with the 6-31++G(d,p) basis set are smaller than those obtained with the 6-31G(d) basis set. The differences between the respective binding energy's magnitudes are of the order of 10%. For a given nanotube, the trends in binding energies are the same for both basis sets, with DDTF interacting most strongly with nanotubes, followed by BDOB, then FLU. Fig. 7 shows HOMO and LUMO energies for isolated FLU, DDTF, and BDOB obtained using B3LYP with 6-31G(d) and 6-31++G(d,p) basis sets. As in the case of binding energies, the 6-31++G(d,p) basis set gives values for both HOMO and LUMO eigenvalues that are lower relative to those obtained with the 6-31G(d) basis set. The trends in the relative values of HOMO and LUMO energies are the same for both basis sets. Given the above discussion, we will use the 6-31G(d) basis set for the remainder of this work since it is computationally less costly in comparison to the 6-31++G(d,p) basis set.
Solvation effect
In order to investigate the effect of solvation on structural parameters, HOMO and LUMO eigenvalues, and binding energies for different systems, we optimize or partially optimize all studied systems with B97D/6-31G(d) using PCM with chloroform and hexane as solvents. We then compare the computational results obtained for the two solvents to the respective ones obtained without a solvent. Selected structural parameters for the isolated and interacting molecules with (6, 5) and (8, 7) SWCNTs obtained using B97D/6-31G(d) in PCM with chloroform and hexane solvents are given in Tables S10-S12 in ESI. † In Tables S13-S15 in ESI, † we list absolute differences between R, A, and D h obtained using B97D/6-31G(d) without a solvent and those obtained using B97D/6-31G(d) in PCM/chloroform and in PCM/hexane respectively for the isolated molecules and for the molecules interacting with (6, 5) and (8,7) SWCNTs. As can be seen from those tables, the effect of solvation on Table 1 Absolute values of binding energies, E b (in eV), for the molecular fragments with (6, 5) and (8,7) SWCNTs obtained using B97D, wB97XD, B3LYP-D3 (without and with BSSE corrections) a , SCS-MP2, and SOS-MP2 with 6-31G(d) basis set structural parameters is almost negligible since differences between solvated and non-solvated parameters are less than 0.004Å, 0.4 , and 2.4 for R, A, and D h , respectively, in all systems. We conclude that the optimized or partially optimized geometries for all system obtained with PCM in both solvents are very similar to those obtained without a solvent.
In Fig. 8 , we present absolute values of total binding energies, E b (in eV), between the molecules and (6,5) and (8,7) SWCNTs obtained using B97D/6-31G(d) without a solvent and with chloroform and hexane solvents. Fig. 8 clearly shows that for a given nanotube size, the solvation, with both solvents, reduces the total binding energies (by average of 0.04 and 0.01 eV with chloroform and hexane respectively) for all systems (except for FLU/(8,7) SWCNT in hexane) compared to those obtained without a solvent. This reduction in binding energies is more pronounced in chloroform than in hexane. Hence, in general, the solvent decreases the intermolecular interactions between the molecule and a given nanotube and presumably concurrently strengthens solvent/molecule and solvent/ nanotube interactions, and thus facilitating dispersion of SWCNTs with short conjugated oligomers. Fig. 9 shows LUMO and HOMO energies for isolated FLU, DDTF, and BDOB molecules obtained using B3LYP/6-31G(d) without a solvent and with chloroform and hexane solvents. As in the case of binding energies, both solvents lower LUMO and HOMO energies for all three molecules. Chloroform gives lowest eigenvalues followed by hexane and then the nonsolvated phase. Table 3 gives the D3 L A -H D values between the 3 LUMO of (isolated) (6, 5) and (8,7) SWCNTs and the 3 HOMO of isolated FLU, DDTF, and BDOB molecules obtained using B97D/6-31G(d) without a solvent and with chloroform and hexane solvents. The values of 3 HOMO and 3 LUMO that are used in calculating the D3 L A -H D 's (as given in Table 3 ) are listed in Table S16 in ESI. † As can be seen from Table 3 Fig. 8 ) in which the molecules give the lowest binding energies (again indicating weaker interactions) with SWCNT in chloroform, followed by hexane and then the non-solvated phase.
In addition, the above ndings are also consistent with experimental observations. 20, 22 As we mentioned in the introduction, experimentally the HiPCO nanotubes were dispersed more effectively by oligo(OPE-DTF)s than by oligo(DPF-DTF)s. It is clear from Table 3 
Nanotube's size effect
To study the effect of the nanotube's size on structures and binding energies of the interacting systems, we consider two fragments of (6, 5) and (8,7) chiral SWCNTs that have respective diameters of 0.75 and 1.04 nm. The (6,5) SWCNT consists of 92 carbon atoms and is terminated with 22 hydrogen atoms, whereas the (8,7) SWCNT consists of 106 carbon atoms and is terminated with 30 hydrogen atoms. The optimized structures of both nanotubes are given in Fig. 2 . Each of the molecules interacts with both nanotubes in a very similar way as shown in Fig. 3 and S1-S3 in ESI. † In all cases the wrapping of SCs of the molecules around both nanotubes is observed (FLU shows the weakest wrapping). As shown in Fig. 4(a, b) , Tables S1-S6 and S10-S12 in ESI, † both nanotubes give very similar results for the bond lengths (differ by <0.003Å) and bond angles (differ by <0.7
) for all systems with all DTF methods and basis sets. For dihedral angles, with few exceptions (DDTF with wB97XD, B3LYP-D3, PCM/ chloroform, and PCM/hexane, in which the largest difference is 5.3 with wB97XD) the two nanotubes also give very similar results (differ by <1.5 ) for most studied systems with all DTF methods and basis sets, see Fig. 4(c) , Tables S1-S6 and S10-S12 in ESI. † As commented above, Tables 1 and 2 , Fig. 5 and 8 show that the combinations with (8,7) SWCNT display slightly larger binding energies than with (6, 5) SWCNT for all molecules with all D-DFT methods and basis sets (one exception is the FLU with B97D/ 6-31++G(d,p) ). The differences between the respective binding energy's magnitudes are of the order of 10% with all D-DFT methods and basis sets. Experimentally,
19,21 as we previously mentioned, the (6,5) nanotube exhibits much better dispersion by conjugated oligomers than the (8, 7) nanotube. This implies that the interactions and hence binding energies of conjugated oligomers with (6, 5) SWCNTs are stronger than those with (8,7) SWCNTs. In order to normalize our E b results, we calculate binding energies per atom (E b per atom) for all combinations. The absolute values of E b per atom between the molecular fragments and (6,5) and (8,7) SWCNTs obtained using B97D/6-31G(d) are displayed in Table 4 . As expected, based on the experimental observations, the values of E b per atom for molecular combinations containing (6,5) SWCNT are higher than those containing (8,7) SWCNT (see Table 4 ). Furthermore, the energy differences (D3 L A -H D ) between the LUMO energy of the acceptor (nanotube) and the HOMO energy of the donor (oligomer) for all molecules with the (6,5) SWCNT are smaller (by 0.2-0.3 eV) than those with the (8,7) SWCNT in the non-solvated phase and in chloroform and hexane as shown in Table 3 . The D3 L A -H D results are consistent with the E b per atom results showing that molecular fragments interact more strongly with the (6,5) SWCNTs than with the (8,7) SWCNTs, and hence the (6,5) SWCNT is dispersed more easily by conjugated oligomers than the (8,7) SWCNT.
To further test the above conclusions, we have carried out additional computations for E b , E b per atom, and Dd using a representative segment of the chiral (7,6) SWCNT. The (7, 6) SWCNT segment consists of 96 carbon atoms and is terminated with 26 hydrogen atoms with an intermediate diameter of 0.87Å. The binding energies with (7, 6) SWCNT are 0.95, 1.83, 1.79Å for FLU, DDTF, and BDOB respectively obtained using B97D/6-31G(d). These E b values fall between those for (6,5) and (8,7) nanotubes with DDTF and BDOB but with FLU, E b is larger than those for (6, 5) and (8, 7) nanotubes (see Table  2 ). Table 4 shows E b per atom and Dd values obtained using B97D/6-31G(d) for the three nanotubes. As can be seen from Table 4 , the E b per atom values for (7, 6) SWCNT fall between those for (6, 5) and (8, 7) nanotubes which is consistent with experimental observations. From the E b values of the studied molecules with the three nanotubes (as given in Table 1 and above), it can be seen that the E b is inversely proportional to the intermolecular distance (Dd) between the oligomer and the nanotube (see Table 4 ) in all cases considered. 
Conclusions
We have investigated the interactions between conjugated organic oligomers and SWCNTs to gain insight into roles of the solvent and nanotube's size in the non-covalent dispersion of carbon nanotubes with these short oligomers. Three D-DFT methods (B97D, wB97XD, and B3LYP-D3) and two basis sets (6-31G(d) and 6-31++G(d,p)) are used to assess the effect of the DFT method and the basis set in our computations. We consider three molecules (FLU, DDTF, and BDOB) that are fragments from the OPE and DPF oligomers used in our previous computational work 23, 24 as well as in the experimental work 20, 22 and two segments of (6, 5) and (8,7) SWCNTs. The computations are performed without a solvent and with chloroform and hexane as solvents.
Our investigation shows that the use of higher basis set such as 6-31++G(d,p) in our D-DFT calculations does not change signicantly either the geometrical parameters of oligomers or the binding energies of the combinations in comparison to the corresponding ndings obtained with the 6-31G(d) basis set. The three D-DFT methods give comparable results for the geometrical parameters of oligomers and the binding energies of the combinations, whereas B3LYP-D3 gives the best results for the electronic properties of oligomers and SWCNTs. Our ndings indicate that the use of larger diameter (8,7) SWCNT does not signicantly change either the geometrical parameters of oligomers or the overall behaviour of SCs wrapping around nanotubes in comparison to respective values and behaviours as obtained with the smaller diameter (6,5) SWCNT. However, our results in agreement with experimental ndings indicate that all molecular conjugated fragments are interacting more strongly with the (6,5) SWCNTs than with the (8,7) SWCNTs. The presence of solvent weakens the oligomer/nanotube interactions (and strengthens the oligomer/solvent and nanotube/ solvent interactions) to facilitate dispersion of SWCNTs, and this effect is more pronounced in chloroform than in hexane in agreement with experimental observations.
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